Atrial fibrillation (AF) is the most common type of arrhythmia in humans, yet the genetic cause of AF remains elusive. Genome-wide association studies (GWASs) have reported risk variants in four distinct genetic loci, and more recently, a meta-GWAS has further implicated six new loci in AF. However, the functional role of these AF GWAS-related genes in AF and their inter-relationship remain elusive.
Introduction
Atrial fibrillation (AF) is the most common cause of arrhythmogenesis, with an estimated prevalence of 1-2% in young adults 1 but reaching to 10 -12% in 80+ years. 1 Several cardiovascular risk factors are associated with increased incidence of AF, including hypertension, obesity, previous records of cardiovascular disease, and familial history of AF. 1 Different mechanisms have been proposed to underlie AF, including the generation of ectopic electrical foci at the pulmonary veins and the formation of rotors (reviewed by Wit and Boyden 2 ). In addition, structural remodelling, involving atrial fibrosis as well as atrial dilation, has been widely associated with AF onset. 3, 4 At the molecular level, AF has been linked to impaired calcium handling displaying reduced calcium influx through L-type calcium channels, 5, 6 increased calcium release from the sarcoplasmic reticulum (SR), 5,7 -10 and calcium release-induced afterdepolarizations. 10 Similarly, atrial electrical remodelling by shortening of atrial refractoriness and action potential duration are also causative mechanisms linked to AF onset. 11 Importantly, although AF prevalence is very high, the genetic bases of AF remain elusive. Rare mutations in a variety of ion channels have been associated with familial AF, 12 yet explaining only a minority of cases.
Recent genome-wide association studies (GWASs) have reported common risk variants highly associated with AF in four distinct genetic loci (4q25-PITX2, 1q21-KCNN3, 16q22-ZFHX3, and 16q13-IL6R). 13 -17 In addition, meta-GWAS have further implicated six new loci in AF (CAV1, HCN4, SYNE2, SYNPO2L, PRRX1, and WNT8A). 18 -20 Thus, to date 10 genes have been associated with AF by GWAS; however, relevant functional links to atrial arrhythmogenesis have only being provided for PITX2 21 -23 and more recently for KCNN3. 24, 25 Interestingly, the most significant risk variants are 4q25 risk variants, which are located in the vicinity of the PITX2 gene. Experimental evidences in distinct laboratories, including ours, have demonstrated that Pitx2 loss of function predisposes to atrial arrhythmogenesis. 21 -23 Wang et al. 21 demonstrated that Pitx2 haploinsufficiency predisposes to AF in electrically stimulated adult mice. These authors demonstrated that the underlying electrical impairment was provoked by ectopic Shox2 expression in the fetal left atrium (LA), which in turn deregulated other pivotal sino-atrial node genes such as Hcn4 and Tbx3. Kirchhof et al. 22 also reported increased predisposition to AF in electrically stimulated Pitx2c-deficient adult mice and evidenced dysregulation of distinct ion channels. It is important to highlight that both Pitx2 haploinsufficient mouse models display normal basal ECG recordings and no atrial structural remodelling. On the contrary, atrium-specific conditional Pitx2 mouse mutants, in whom right-sided sinus node formation is intact, displayed abnormal ECG features such as the absence of P waves and atrioventricular blockage as well as atrial dilation in the absence of fibrosis. 23 In this model, voltage-gated sodium and inward rectifying potassium channels are abnormally expressed in the atrial myocardium at both fetal and adult stages, indicating that Pitx2 impairment caused the onset of left-sided electrophysiological defects that are substrates predisposing to AF. More recently, Tao et al. 26 developed a post-natal Pitx2-deficient mouse model, which displayed variable RR intervals and spontaneous P-wave alterations, characteristics of sinus node dysfunction. In addition, ChIP-seq and quantitative PCR (qPCR) analyses revealed that Pitx2 regulates distinct cell junctional proteins, ion channels, and also distinct transcriptional regulators. Overall, these data support a pivotal role of Pitx2-regulating gene expression that, if impaired, increases the vulnerability to develop atrial arrhythmias. However, it remains to be elucidated why some Pitx2-deficient mice display spontaneous atrial arrhythmias, whereas a trigger is needed in others.
We have therefore systemically analysed the gene expression profile of candidate genes involved in atrial arrhythmogenesis in two distinct Pitx2-deficient mouse models, with and without basal ECG alterations, respectively. We generated a new Pitx2 conditional mouse line, by intercrossing Sox2Cre and Pitx2floxed mice, reminiscent of that reported by Wang et al., 21 which display no basal ECG defects.
Spontaneous ECG alterations were only observed in atrial-specific Pitx2 homozygous mice. 23 Dose-dependent alteration of multiple calcium-handling genes such as Serca2a, calsequestrin, and phospholamban is observed in NppaCrePitx2 +/2 and NppaCrePitx2 2/2 adult mice. AF GWAS-associated genes such as Zfhx3, Kcnn3, and Wnt8a are severely impaired in a dose-dependent manner, whereas other such as Cav1, Synpo2l, or Prrx1 is not modified. Importantly, divergent expression patterns, in both calcium-handling genes and AF GWAS-associated genes, were observed in Sox2CrePitx2 vs. NppaCrePitx2-deficient mice, correlating thus with their distinct basal electrophysiological defects. Overall, these data suggest that Pitx2 threshold expression is critical for normal atrial electrophysiology.
Methods

Transgenic mouse lines and breeding strategy
The Pitx2floxed, NppaCre, and Sox2Cre transgenic mouse lines have been described previously. 27 -29 Generation of conditional atrial (NppaCre) mutant mice has been described previously. 23 
ECG recordings
Mice were anaesthetized with 2 mg/kg ketamine (Parker-Davis, USA) intraperitoneally. ECG recordings were registered and analysed using a digital acquisition and analysis system (Power Lab/4SP; www.adinstrument.com), as detailed in Supplementary material online, Methods.
Tissue samples, mRNA isolation, and reverse transcription
Mice were sacrificed by cervical dislocation after ECG recordings. Adult hearts were carefully dissected and briefly rinsed in Ringer's solution. Tissue samples corresponding to the right atrium (RA) and LA were collected for each experimental condition, immediately snap-frozen in liquid nitrogen, and stored at 2808C until used. Pooled samples of at least three independent mice were processed for each condition, respectively. Three independent pooled samples were further processed for RNA isolation and qPCR analyses. Total RNA isolation and retrotranscription was performed using standard procedures, as detailed in Supplementary material online, Methods.
qRT-PCR (mRNA)
Reverse transcriptase (RT) -PCR was performed in Mx3005Tm QPCR System with a MxPro QPCR Software 3.00 (Stratagene) and SYBR Green detection system, as detailed in Supplementary material online, Methods. Three internal controls, mouse b-actin, Gusb, and Gapdh, were used in parallel for each run and represented as detailed by Livak and Schmittgen. 30 2.5 Cell culture, Pitx2c over-expression, and siRNA transfection assays Figure S1 ). Our experiments revealed that the L-type calcium channel pore-forming subunit Cacna1c is significantly down-regulated, whereas ancillary subunits Cacnb1 and Cacnb3, but not Cacn4b, are up-regulated in the LA of NppaCre + Pitx2 2/2 compared with controls ( Figure 1A and see Supplementary material online, Figure S2 ). Importantly, Atp2a2, Casq2, and Pln display a major and RyR2 a minor up-regulation in the LA of NppaCre + Pitx2 2/2 compared Figure S2 ). Ppp1r12c was similarly down-regulated in atrial-specific Pitx2 mutants compared with controls. Curiously, other calcium-handling components such as Ncx1, Ip3r2, or ankyrin-2 were not significantly altered (see Supplementary material online, Figure S2 ).
It is important to highlight in this context that adult LA appendages of NppaCre + Pitx2 fl/2 mice display intermediate levels for multiple genes involved in calcium handling, demonstrating a dose-dependent effect ( Figure 1A ). In line with these findings, electrophysiological analyses demonstrated a significant decrease in I Ca,L (voltage-dependent L-type calcium current) in the LA of atrial-specific Pitx2 mutants compared with controls ( Figure 2A ), whereas no significant changes were observed in the RA (2.00 + 0.30 in Pitx2 fl/fl vs. 1.71 + 0.14 in Pitx2 2/2 ). Deletion of Pitx2 did not affect the kinetics of I Ca,L inactivation ( Figure 2C ) or the shape of the current-voltage (I -V ) relationship ( Figure 2D) . Moreover, the SR calcium load was increased in Figure 2E and F ) . Therefore, these data demonstrate that alteration of calcium regulatory protein expression is paralleled by functional changes in calcium handling in NppaCre + Pitx2 2/2 mice.
We subsequently explored whether such changes were observed in both LA and RA chambers. qPCR analyses revealed downregulation of Ppp1r12c expression in the LA chambers, but not in the RA of NppaCre + Pitx2 2/2 mice. In contrast, up-regulation of Cacnb1, Cacnb3, Atp2a2, Casq2, and Pln was observed in both RA and LA chambers, whereas Cacna1c selectively displays up-regulation in the RA and down-regulation in the LA of NppaCre + Pitx2 2/ 2 mice ( Figure 1B) . Thus, these data demonstrate left/right differential expression in a subset of calcium-handling regulatory genes and furthermore underscore the notion that both left and right impairment might lead to atrial arrhythmogenesis. Functional analysis confirmed that up-regulation of Atp2a2 and Casq2 was accompanied by enhanced SR calcium content in both LA and RA (data not shown). Popdc proteins are transmembrane proteins that can influence intracellular calcium levels. 33 Given the partial electrophysiological phenotype overlap between Popdc mutants 34 and Pitx2-deficient mice, 23, 26 we investigated Popdc gene expression by qPCR. All three Popdc family members are severely up-regulated in atrial-specific Pitx2 mutants ( Figure 1C) . Moreover, Popdc1 and Popdc3 display a dose-dependent up-regulation ( Figure 1C) . Curiously, such up-regulation is observed in both LA and RA appendages ( Figure 1D ). Cell-to-cell intercellular connections play a pivotal role as substrates of atrial arrhythmogenesis. 35 Expression of Gja1 (Cx43) was highly upregulated, whereas Gja5 (Cx40) was severely down-regulated in the LA chambers of atrial-specific Pitx2 mutants ( Figure 1D ). Furthermore, Gja1, but not Gja5, displays Pitx2 dose-dependent regulation ( Figure 1D ), and both were equally up-regulated in LA and RA chambers ( Figure 1D ). Immunohistochemical analyses of Cx43 protein suggest that no major changes in its distribution are observed ( Figure 1E-H) .
The b-adrenergic system, muscarinic, and other Gs-protein-coupled receptors are major modulators of calcium signalling in the heart. 36 In this context, Adrb1 and Adrb2 displayed significant differences in the LA of NppaCre + Pitx2 2/2 compared with NppaCre + Pitx2 fl/fl control mice (see Supplementary material online, Figure S3 ). Curiously, Adrb1 displays impaired expression within the LA, whereas Adora2 only increases in the RA of NppaCre + Pitx2 2/ 2 compared with NppaCre + Pitx2 fl/fl control mice (see Supplementary material online, Figure S3 ). The latter would be in agreement with previous reports associating AF with an up-regulation of adenosine A 2A receptors that promote spontaneous calcium release in human RA myocytes. 7 Ac8 displays no significant differences. In addition, muscarinic receptor 2 (Chrm2) but not Chrm3 displays decreased expression in the LA of NppaCre + Pitx2 2/ 2 compared with NppaCre + Pitx2 fl/fl control mice, whereas Chrm5 is up-regulated (see Supplementary material online, Figure S3 ). Chrm1 and Chrm4 were not detectable (data not shown).
Hypertension is an independent risk factor associated with increased incidence of AF. Figure S3 ).
Multiple AF GWAS-associated genes are downstream of Pitx2
GWASs have reported risk variants highly associated with AF in four distinct genetic loci, and recently meta-GWAS have further implicated six new loci. However, how these genes can been implicated in AF pathophysiology remains rather elusive. We therefore investigated whether these genes are downstream of Pitx2. qPCR analyses in the LA chamber myocardium demonstrated that Zfhx3, Syne2, Kcnn3, Il6r, and Cav1 are significantly down-regulated in atrial-specific Pitx2 mutants compared with controls, whereas Wnt8a is up-regulated ( Figure 3A ). Prrx1 and Synpo2l displayed no significant differences (see Supplementary material online, Figure S4 ). Importantly, all these genes display a Pitx2 dose-dependent pattern ( Figure 3A) . Zfhx3, Il6r, and Cav1 display similar down-regulation in LA and RA chambers. Curiously, Kcnn3 only displayed significant differences in the left, but not in the right, atrium, whereas Wnt8a displayed up-regulation in both RA and LA chambers. Intriguingly, Syne2 is highly up-regulated in the RA chamber and severely down-regulated in the LA chamber ( Figure 3B) . Thus, overall, these data suggest that Pitx2 is upstream of multiple AF GWAS-associated genes.
Sox2crepitx2 mice recapitulate the absence of basal electrophysiological defects
We generated a novel Pitx2 loss-of-function model by intercrossing Sox2Cre transgenic and Pitx2floxed mice. Double heterozygous were viable and fertile and display 50% Pitx2 expression in the adult LA ( Figure 4A ). Intercross between double heterozygous Sox2Cre + Pitx2 fl/2 mice led to embryonic lethality of homozygous mutants, around E12.5 -E14.5, displaying phenotypic characteristics as those previously reported for systemic deletion of Pitx2 in mice. 29 ECG recording of adult Sox2Cre + Pitx2 fl/2 mice displays no significant differences compared with controls ( Figure 4B ), similar to other previously reported systemic Pitx2 mutants. Figure 4A and see Supplementary material online, Figure S1 ) yet they differ on their basal ECG characteristics. qPCR analyses of calcium-handling genes demonstrate that only Cacnb1 display similar impaired expression in heterozygous Sox2Cre + Pitx2 fl/2 and NppaCre + Pitx2 2/ 2 mice. No significant changes were observed for Cacna1c, Ppp1r12c, Popdc1, Popdc2, Ncx1, or Ryr2, whereas surprisingly Cacnb3, Cacnb4, Atp2a2, Casq2, Pln, and Popdc3 display significant down-regulation ( Figure 4C ). Overall these data illustrate that calcium handling is distinctly impaired in Sox2Cre + Pitx2 fl/2 and NppaCre + Pitx2 2/2 , suggesting a direct correlation with their distinct basal electrophysiological properties.
In addition, qPCR analyses demonstrated that Scn5a was similarly down-regulated, as in NppaCre + Pitx2 2/2 mice, whereas Scn1b, Gja5 displayed no significant changes. Curiously, Gja1 was significantly down-regulated ( Figure 4D ). Overall, these data suggest that ion channel impairment, with the exception of Scn5a, is unaltered in heterozygous Sox2Cre + Pitx2 fl/2 mice.
Interestingly, analyses of AF GWAS-related genes demonstrated that Zfhx3, Kcnn3, Il6r, and Cav1 were similarly down-regulated in heterozygous Sox2Cre + Pitx2 fl/2 mice compared with controls. Surprisingly, Wnt8a is significantly down-regulated, as well as Wnt11, in contrast to the marked up-regulation observed in NppaCre + Pitx2 2/2 mice ( Figure 4D) . Importantly, impaired expression of these AF GWAS genes is more severe in atrial-specific Pitx2 homozygous mice compared with heterozygous Sox2Cre + Pitx2 fl/2 mice. Thus, these data suggest that
Pitx2 regulates the expression of AF GWAS-related genes, in particular Zfhx3 and Wnt8a, which can act as intermediate modulators of electrical remodelling in the atrial chambers, impacting therefore on their distinct ECG characteristics (NppaCre + Pitx2 2/2 vs. Sox2Cre + Pitx2 +/2 mice).
Wnt signalling, but not Zfhx3, regulates calcium-handling gene expression
To further validate the functional role of Pitx2 regulating AF GWASrelated genes, Pitx2 over-expression experiments were carried out in HL-1 atrial cardiomyocytes. Pitx2 gain of function leads to upregulation of Zfhx3 and Syne2, down-regulation of Wnt8a and Wnt11, but not changes in Kcnn3 or Il6r expression ( Figure 5 ). Thus, these data support the notion that Pitx2 is upstream of Zfhx3, Wnt8a, Wnt11, and Syne2.
To test whether Zfhx3 and/or Wnt8a are upstream of those Pitx2-mediated changes in calcium handling, AF GWAS-related genes and/or calcium-handling gene expression, we performed gain-and loss-of-function experiments. Zfhx3 over-expression in HL-1 atrial cardiomyocytes leads to changes in up-regulation of Pitx2, Kcnn3, Il6r and down-regulation of Wnt8a, but not Wnt11 or Syne2 expression ( Figure 6A) . On the contrary, Zfhx3 siRNA loss of function leads to down-regulation of Pitx2, Kcnn3, and Syne2, up-regulation of Il6r, but no changes in Wnt8a or in Wnt11 expression ( Figure 6A) . Importantly, neither Zfhx3 gain of function nor loss of function alters calciumhandling gene expression, as illustrated for Atp2a2, Casq1, Pln, Popdc1, Popdc2, and Popdc3 ( Figure 6A) .
Interestingly, Wnt8a over-expression leads to significant downregulation of Pitx2, significant up-regulation of Kcnn3, Il6r, and Wnt11, but no changes in Zfhx3 and Syne2 expression ( Figure 6B ). In line with these findings, Wnt8a inhibition leads to up-regulation of Pitx2 and down-regulation of Kcnn3, Il6r, and Wnt11, supporting a pivotal role of Wnt8a signalling regulating the expression of these genes ( Figure 6B ). In addition, Zfhx3 is up-regulated and Syne2 is downregulated in the absence of Wnt8a. Importantly, Wnt8a overexpression also leads to significant up-regulation of calcium-handling genes, such as Pln, Popdc1, Popdc2, and Popdc3 and down-regulation of Ppp1r12c, a profile highly similar to that observed in 
NppaCre
+ Pitx2 2/2 mice. Since we observed that Wnt8a regulates Wnt11, we investigate whether Wnt11 gain of function or loss of function could contribute to the regulation of AF GWAS-related genes and/or calcium handling. Surprisingly, Wnt-11 over-expression leads to significant up-regulation of Pitx2, Zfhx3, Kcnn3, Il6r, and Syne2 and down-regulation of Wnt8a ( Figure 6C ) while loss-of-function experiments further underscore the pivotal role of Wnt11 regulating most of these genes, in particular Wnt8a. Moreover, Wnt11 over-expression leads to up-regulation of Pln, Popdc1, Popdc2, and Popdc3 (as for Wnt8a over-expression) as well as of Atp2a2 and Casq1 ( Figure 6C) . Thus, overall these data support the notion of a pivotal role of Wnt signalling regulation calcium-handling gene expression.
Pitx2-mediated impaired microRNAs expression is governed by Wnt signalling
A novel layer of complexity in the cardiovascular regulatory networks has been recently emerged with the discovery of post-transcriptional modifications mediated by microRNAs. 37 Pitx2 regulates Wnt signalling and calcium handling miR-208b displayed significant down-regulation (5/21; 23%) ( Figure 7A) . We additionally tested if such impaired microRNAs were also altered in Sox2Cre + Pitx2 fl/2 mice. Interestingly, all microRNAs tested were altered in Sox2Cre + Pitx2 fl/2 mice ( Figure 7B 
Pitx2
fl/2 mice compared with controls, in line with those findings reported in NppaCrePitx2 mice, miR-21, miR-203a, miR-208a, and miR-208b displayed opposite results. Furthermore, we demonstrate that except for miR-29a, Wnt8a and Wnt11 over-expression can regulate these microRNAs ( Figure 7C and D) , providing opposite miRNA regulatory mechanisms, miR-1, miR-26, miR-106b and miR-133 are increased after Wnt8 but decreased after Wnt11 over-expression ( Figure 7C and D) while miR-106a is decreased after Wnt8a but enhanced after Wnt11 expression ( Figure 7C and D) . Thus, these data demonstrate a pivotal role of Wnt signalling regulating a subset of microRNAs which are impaired after Pitx2 insufficiency as well as in the setting of AF.
Discussion
Pitx2 is a homeobox transcription factor that plays essential roles during embryogenesis. 39 Recent studies have provided evidences that Pitx2 also play a pivotal role in the adult heart, predisposing to triggered 21, 22 and spontaneous 23, 26 atrial arrhythmias. A developmental pathway, involving deregulation of transcriptional regulators such as Figure 5 AF GWAS-associated gene expression in HL-1 atrial cardiomyocytes over-expressing Pitx2, n ¼ 3 independent experiments. Zfhx3 and Syne2 are up-regulated while Wnt8a and Wnt11 are downregulated after Pitx2 over-expression. Kcnn3 and Il6r display no significant differences. ** p,0.05; *** p,0.001. Figure 6 (A) AF GWAS-associated genes and calcium-handling gene expression in HL-1 atrial cardiomyocytes with Zfhx3 over-expression and siRNA inhibition, n ¼ 3 independent experiments, respectively. Note that both over-expression and inhibition of Zfhx3 modulated most of the genes associated with AF by GWAS, whereas no significant differences are observed for any of the calcium-handling genes differentially expressed in the LA of NppaCre + Pitx2 2/2 mice. (B) qPCR analyses of genes associated with AF by GWAS and calcium-handling genes in HL-1 atrial cardiomyocytes with Wnt8a over-expression and siRNA inhibition, n ¼ 3 independent experiments, respectively. Observe that both over-expression and inhibition of Wnt8a can modulate most of the genes associated with AF by GWAS. Furthermore, over-expression of Wnt8a leads to significant up-regulation of Pln, Popdc1, Popdc2, and Popdc3 and down-regulation of Ppp1r12c. (C) AF GWAS-associated genes and calcium-handling gene expression in HL-1 atrial cardiomyocytes with Wnt11 over-expression and siRNA inhibition, n ¼ 3 independent experiments, respectively. Observe that both over-expression and inhibition of Wnt11 can modulate most AF GWAS-associated genes. Furthermore, Wnt11 over-expression leads to significant up-regulation of Atp2a2, Casq2, Pln, Popdc1, Popdc2, and Popdc3. * p,0.01; ** p,0.05; *** p,0.001. diomyocytes over-expressing Wnt8a (C) and Wnt11 (B), n ¼ 3 independent experiments, respectively. Observe that Wnt8a over-expression leads in most cases to microRNA up-regulation (e.g. miR-1, miR-26, miR-106b), whereas Wnt11 over-expression elicits the opposite effect within these microRNAs, with the unique exception of miR-29a. * p,0.01; ** p,0.05; *** p,0.001.
Pitx2 regulates Wnt signalling and calcium handling
Shox2 and Tbx3 and ion channels such as Kcnq1 and Hcn4, was demonstrated by Wang et al. 21 Additional evidences were reported in the Pitx2-deficient adult heart, involving impaired gap junction (Gjb1), tight junction (Dgs2, Dgs4, Adam8), and ion channel expression (Kcna3, Kcnc4, Kcnk5, Cacna1c) as well as b-adrenergic signalling (Adrb3, Acat2), potentially underlying triggered atrial arrhythmias. 22 Importantly, impaired cell -cell junction (Gja1) and ion channel gene (Ryr2, Atp2a2, Scn5a, Cacnab1) expression in Pitx2-deficient mice with basal ECG impairment have also been reported by Chinchilla et al. 23 and Tao et al. 26 These studies shed light on the transcriptional regulatory mechanisms driven by Pitx2, yet it remains unexplored why Pitx2 deficiency in some experimental models leads to spontaneous atrial arrhythmias, 23, 26 whereas in others 22,23 a trigger was required.
In this study, we have comprehensively analysed the expression profile of multiple AF risk factor genes involved in two distinct Pitx2-insufficient mice displaying (NppaCre +/ 2 Pitx2 2/ 2 ) or not (Sox2Cre + Pitx2 +/2 ) basal ECG defects. Our data demonstrate that a number of genes involved in gap junction cell -cell communication, adrenergic signalling, and genes controlling calcium handling and SR calcium storage are severely up-regulated in NppaCre +/2 Pitx2 2/2 . On the contrary, Enpep, a regulator of blood pressure, displays no significant differences, whereas the pore-forming alpha subunit, but not the b subunits, of the L-type calcium channel is severely down-regulated exclusively in the LA. Such left/right differences are observed for large subset of these Pitx2-regulated genes, in line with the left-to-right regionalized Pitx2 expression. 22, 40 In line with these observations, L-type calcium current down-regulation has been reported in patients at high risk of AF 41 or with AF 6,7 and alterations in spontaneous SR calcium release 5,7 -10 is also commonly reported in patients with AF. Functionally, the observed increase in Atp2a2 and Casq-2 increases SR calcium loading in NppaCre +/2 Pitx2 2/2 LA myocytes in spite of a concurrent reduction of Cacna1c and I Ca . This finding is also in line with findings in human atrial myocytes from patients with AF where a two-fold reduction in the I Ca density has no negative effect on the SR calcium content. 7, 10 In addition, Popdc genes are significantly up-regulated in NppaCre +/2 Pitx2 2/2 , but not in Sox2Cre + Pitx2 +/2 mice, further underscoring impaired calcium handling in these mice, given the prominent role of Popdc proteins regulating PKA function and thus phospholamban-mediated Ca ++ uptake in the SR. 33 It is important to mention that some discrepancies to previously reported data were observed, e.g. Ryr2 and Cacna1c expression, which might be related to the fact that distinct tissues were analysed, whole hearts 26 vs. LA (this study).
Taken together, these data demonstrate that calcium homeostasis is severely impaired, a notion further corroborated by electrophysiological measurements of the LA. Interestingly, up-regulation of calcium-handling genes was only observed in NppaCre +/2 Pitx2 2/2 but not in
, that is to say in those animals displaying basal ECG alterations. Thus, it is plausible that calcium homeostasis deregulation reported herein underlie such differences, as similar changes have been reported in a human AF setting. 46 we analysed the plausible contribution of both Wnt8a and Wnt11. Our gain-and loss-of-function analyses demonstrate that Zfhx3 modulates the expression of distinct AF GWAS-associated genes, but not in calcium-handling genes in HL-1 atrial cardiomyocytes. Importantly, Wnt8a and Wnt11 demonstrate a pivotal role directing expression of both AF GWAS-associated genes and calcium-handling genes. Overall, our in vitro experiments demonstrate a complex interplay and feedback mechanisms between Pitx2, Wnt8a, and Wnt11, as depicted in Figure 8 , by which calcium handing is downstream of Pitx2/Wnt, but not of Zfhx3. Importantly, Wnt8a/Wnt11 expression displayed opposite expression profiles in NppaCrePitx2 and Sox2Cre mice, suggesting that Wnt signalling, downstream of Pitx2, is crucial to impair calcium homeostasis and thus to trigger atrial arrhythmias. Whether such regulatory mechanisms are directly or indirectly driven by Pitx2 or Wnt signalling remains to be fully elucidated, yet we report herein that a significant number of microRNAs differentially expressed in AF patients 38 are regulated by Pitx2 and Wnt signalling. In this context, Figure 8 Schematic representation of the Pitx2 interactome in the context of atrial arrhythmias.
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functional significance of miR-1 has been linked to large array of electrical disorders, including increased calcium release, 47 alterations that provide substrates for arrhythmogenesis. Decreased miR-106b-25 cluster expression has been reported in AF patients, and miR-106b-25-deficient mice display enhanced RyR2 expression and calcium release. 53 While some discrepancies on Pitx2-microRNA expression are apparent in the heart context, 53, 54 in particular for miR-106b, this might be related to distinct tissue (RA vs. LA) and/or developmental stages (embryonic vs. adult) analysed between studies. Importantly, this study reports for the first time a pivotal role of Wnt signalling in both microRNA regulation and arrhythmogenesis. In summary, we provide evidences that Pitx2 insufficiency leads to molecular and electrophysiological impairment of calcium homeostasis in the LA chambers in a dose-dependent manner. Furthermore, we demonstrate that multiple AF GWAS-associated genes are modulated by Pitx2 and we propose a molecular working model by which Pitx2 regulation of Wnt signalling controls genes and microRNAs impacting on calcium handling. These evidences postulate that regulation of Wnt signalling is determinant to trigger basal electrophysiological impairment.
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